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Abstract 
This paper explores the use of the magnetic shape memory (MSM) effect for actuation of a free-standing film bridge by coupled 
finite element simulations in the framework of a Gibbs free energy model. The material of interest is a Ni-Mn-Ga film showing a 
10M tetragonal martensite structure. Two actuation mechanisms (I and II) are considered depending on the magnetic field 
configuration and the method of stress biasing. In mechanism I, tensile stress is generated by a mechanical point load in out-of-
plane direction applied in the film bridge center. In this case, magnetic field-induced reorientation (MIR) requires a magnetic 
field along the long axis of the film bridge. We show that only a partial MIR effect is possible for mechanism I as the magnetic 
field has to counteract the applied mechanical force. For mechanism II, variant reorientation and stress biasing are accomplished 
by different magnetic fields applied along the short axis of the film bridge allowing complete MIR. 
 
PACS: 64.70.kd; 68.60.Bs; 85.70.Kh 
Keywords: Magnetic shape memory effect; microactuation; finite element simulation; Gibbs free energy model 
1. Introduction 
Ferromagnetic shape memory alloys (FSMAs) exhibit magnetic field-induced strains up to 10% at moderate 
magnetic fields well below 1 Tesla [1,2], which generated a large interest in fundamental research as well as in 
engineering. Bulk Ni-Mn-Ga single crystals have been successfully used in novel actuators based on magnetic field- 
induced reorientation (MIR) [3]. The option of contact-less control of large deformations at relatively large 
bandwidths is of special interest for applications in micro-electro-mechanical systems (MEMS) [4]. Therefore, 
considerable efforts have been made to develop thin FSMA films and foils that show MIR like their bulk counter-
parts [5-8]. Recently, reversible linear actuation has been demonstrated for a Ni-Mn-Ga foil actuator based on MIR 
and tensile stress biasing [8]. In this case, a tensile biasing load has been applied by a miniature weight attached to a 
pulling wire. Despite of the various attempts to fabricate FSMA films, only qualitative indications for MIR have 
been presented up to now [5]. The previous results demonstrate the crucial role of the microstructure of the FSMA 
material to achieve a low critical stress for MIR. In addition, several technological boundary conditions have to met 
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including a sacrificial technology to obtain freely movable film structures [6,7] and a MEMS-compatible biasing 
mechanism that does not require manual adjustments. This paper proposes two alternative ways to achieve 
reversible actuation based on MIR and stress biasing using a  film bridge as the basic structural element. Besides the 
option of mechanical adjustment-free fabrication, the use of bridge structures allows for out-of-plane deformations 
being considerably larger than the in-plane tensile strain.   
Different modeling approaches have been developed up to now to describe the mechanical properties under 
applied forces and MIR, which either focus on a thermodynamic analysis [9,10] or on a phenomenological 
description [11]. In the present work, a Gibbs free energy model [12] is used that has been adapted to FSMA 
materials [13,14]. The model is implemented in a finite element (FEM) program for simulation of the coupled 
magneto-mechanical performance of FSMA bridge actuators. Based on the simulation results, the feasibility for the 
development of microactuators based on MIR and stress biasing will be discussed. 
2. Actuation mechanisms 
The actuation mechanisms rely on a FSMA film bridge that performs actuation in out-of-plane direction as 
sketched in Fig. 1. The two ends of the bridge are fixed, while the movable center part is used to generate work. The 
underlying material consists of 10 M martensite with three tetragonal variants having a short c-axis and two long a–
axes denoted as 1 and 2,3, respectively.  
 
(a) (b) 
  
Fig. 1: (a) Schematic of the  film bridge; due to symmetry only the left half of the actuator is simulated. (b) Schematic of the tetragonal 
martensite variants 1,2,3. The short and long axes as well as the direction of magnetic moments are indicated.  
Two actuation mechanisms are investigated, which are illustrated schematically in Fig. 2. In each case, it is assumed 
that the Ni-Mn-Ga bridge actuator is in an initial single variant state with the short c-axis being oriented in x-
direction (variant 1).  
(i) For mechanism I (Fig. 2a), a point force Fz is applied in z-direction to elongate the actuator. The force Fz mainly 
generates a tensile stress along x-direction that favors variants 2 and 3 with the long a-axis being aligned in x-
direction. By applying a magnetic field in x-direction, the initial single variant state can be restored by MIR. Thus, 
the initial deflection can be reset depending on the force Fz. 
(ii) Mechanism II only makes use two different magnetic field configurations to avoid any mechanical loading set-
up. Two variants of this mechanism are considered. In mechanism IIa (Fig. 2b), a magnetic field gradient is applied 
in x-z-plane that acts on the magnetic moments of the Ni-Mn-Ga bridge causing a deflection in out-of-plane 
direction. By applying a homogenous magnetic field along x-direction, MIR restores the original single variant state. 
Since the forces for deflection and resetting can be switched on and off sequentially, biasing forces can be avoided 
during resetting that may hinder complete resetting. In mechanism IIb (Fig. 2c), out-of-plane deflection is achieved 
by MIR induced by a homogeneous magnetic field in y-direction due to preferential alignment of variants with short 
c-axis in y-direction. By applying a magnetic field gradient in x-z-plane the original state can be restored. The major 
advantage of this actuation scheme for Ni-Mn-Ga 10 M martensite is that the magnetic fields are applied in 
transverse direction (y-direction), which is usually shorter than the long bridge axis. Thus, a smaller magnetic gap is 
needed and the demands on the magnetic field source are more relaxed. In a proper magnet design, the switching 
between field gradient and homogeneous field can be achieved by just reversing the current direction in one of the 
electric coils as sketched in Figs. 2b and c.  
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(a) Mechanism I: 
Tensile stress by point force 
 
(b) Mechanism IIa: 
Tensile stress by field gradient 
 
 
(c) Mechanism IIb: 
Tensile stress by MSM effect 
 
 
Compressive stress by MSM effect Compressive stress by MSM effect 
 
Compressive stress by field gradient 
 
Fig. 2: Schematic of the actuation mechanisms under investigation using mechanical loading and MIR (mechanism I) as well as loading by a 
magnetic field and MIR (mechanisms IIa and b).   
3. Thermodynamic model and FEM implementation 
The material behavior is described by a free energy model that has been combined with a Stoner-Wohlfarth 
model of magnetic anisotropy to describe the evolution of martensite variants as a function of stress and magnetic 
field [13,14]. The Gibbs potential is a function of the strain , rotation angle  of the magnetic moment M with 
respect to the easy axis, stress  and external magnetic field B. It is constructed from the Helmholtz free energy 
 by a Legendre transformation including additional terms of anisotropy energy, Zeeman energy and magneto-static 
energy [13]. For Ni-Mn-Ga 10 M martensite, two energy wells with negative and positive eigenstrain of ±3% occur 
that correspond to variant 1 with c-axis orientation along x-direction and to variants 2,3 with c-axis orientation in 
perpendicular direction, respectively. The variants 2 and 3 are degenerated in the absence of magnetic field. The 
energy barrier between the wells can be overcome either by mechanical or magnetic field loading. The transition 
between martensite variants is considered as a thermally activated process in the energy landscape of Gibbs 
potential. The transition probability is given by the barrier height that is calculated by the minimum of Gibbs free 
energy along a path in --plane connecting the two energy wells. The transition probabilities enter a set a rate 
equations for the phase fractions 1,2,3 that allow the determination of strain, stress and magnetic moment. For 
simulation of coupled magneto-mechanical field problems, the model has been implemented in a finite element 
(FEM) program [13]. Previous benchmark tests confirm that the simulations are capable to describe experimental 
MIR characteristics that largely differ with respect to twinning strain and elastic modulus as well as the stress 
dependence of MIR [15], magnetization characteristics [3] and martensite-austeninite phase transition [14]. 
So far, only longitudinal loading has been considered. For simulation of bridge actuators, loading in transverse 
direction is required. In the theory of beam bending, transverse loading is transferred to one-dimensional relations 
between the x-components of stress and strain. Thus, a one-dimensional model for MIR can be applied to simulate 
the magneto-strain performance of bridge actuators. 
For the finite element analysis, we use a beam element in which the strain x is related to the displacements u and 
w in x- and z-direction, respectively: 
    x = du/dx + 1/2(dw/dx)
2 
                  (1) 
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At the distance zl from the centroid, the displacement u in x-direction is given by: 
    u = u* - zldw/dx    ,                   (2) 
where u* is the displacement in the centroid. Thus, the strain x along the beam axis in x-direction in the original 
coordinate system is given by the following three parts [16]: 
 x = du*/dx + 1/2(dw/dx)
2 
 - zld
2
w/dx
2  
 = * + zl                                (3) 
The first term is a pure displacement term due to a force in x-direction. The second term in Eq. 3 describes the 
membrane part of the Karman strain. For moderate large deflection analysis, it can be considered as a special case of 
the Green strain [16]. The third term is the pure bending response for a thin beam (Kirchhoff beam) [16]. A 
schematic is given in Fig. 3 showing how these terms act on the stress.  
 
du*/dx (dw/dx)
2
 zld
2
w/dx
2
 
               
  
 
  
Fig. 3: The action of the three terms of Eq. 3 on the stress distribution. 
The deflection w is approximated by cubic shape functions hw. For u*, quadratic shape functions hu are used. The 
total strain as function of the nodal displacement vectors u = (u1,u2,uq) and w =(w1,x1,w2, x2) is then given by: 
x = bu
T
 u  +  (bw
T
w)
2
 + zlc
T
 w  ,                           (4) 
with:  bu
T
 = d/dx (hu
T 
),   bw
T
 = d/dw (hw
T 
), c
T
 = -d
2
/dw
2
 (hw
T 
) and  xi = dw/dx|i . 
If the load is applied in several steps, the strain due to the bending of the previous load steps must be taken into 
account, similar to the treatment of an initially curved beam given in [11]. The increment of strain of one load step 
x is then calculated from the increments u and w by:  
x = = bu
T
 u +  (bw
T
w)
2
 -  (bw
T
w0)
2
  + zlc
T
 w .              (5) 
w0 is the accumulated load vector of the previous load steps and  w = w0 +w. The stiffness matrix is calculated by 
Gauss integration using three Gauss points in x- and six Gauss points in y- and z-direction. At each integration point, 
x is calculated from the displacements and martensite phase fractions of the last iteration step. Then, d/d is 
calculated using the model for MIR and the new tangent stiffness matrix is formed for the next iteration. Phase 
fractions and strain data are updated and stored at the end of each load step.  
In the case of transverse loading, the reaction forces that should compensate the applied forces show a nonlinear 
increase with increasing deflection. Thus, geometric nonlinearity has to be considered besides material nonlinearity. 
To allow for sufficiently smooth variation of the material parameters, the FEM model of the actuator is set up by ten 
beam elements as illustrated in Fig. 4. Due to symmetry, only half of the actuator is considered. The simulation 
starts with an initial single variant state with c-axis orientation being in x-direction along the long edge of the bridge. 
The corresponding phase fraction X1 equals 1. The elements of those regions, where the beam is fixed, a linear 
material model with the elastic modulus EM of martensite phase is applied. For all other elements, the material 
model for MIR is applied using typical parameters for Ni-Mn-Ga from literature as listed in Table 1. In the case of 
mechanism I, the linear material model is also used for the element nearest to the symmetry plane. The forces 
arising from the magnetic gradient field are taken into account by a constant pressure load along the film surface. 
Two additional things have to be considered for the simulation of mechanism IIb. First, the actuator would not be 
elongated until a small asymmetry in z-direction is introduced. This may be achieved by slightly tilting the iron 
poles of the electromagnet to induce small gradient force acting in positive z-direction. Secondly, when driving the 
actuator back by the restoring gradient force, the original position is no longer an equilibrium position. In real 
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situation, the original flat position is recovered as the substrate limits further deflection. This is taken into account 
by contact elements, which freeze the degree of freedom in –z-direction once a node contacts the xy-plane at z=0. 
 
 Table 1: Simulation parameters for 10M Ni-Mn-Ga 
 
Anisotropy constant:   
Saturation magnetization:  
Elastic modulus for 
detwinning:  
Elastic modulus of martensite:  
Twinning strain: 
Strain for detwinning:   
Dimensions lx*ly*lz:  
 
K = 0.17 MPa 
Ms = 0.65 T 
 
Etw = 500 MPa 
EM = 2.0 GPa 
t = 6.5% 
M = 0.2% 
3.0*3.0*0.001 mm
3
 
Fig. 4: Finite element model used for the simulations. 
  
 
4. Simulation results  
4.1 Mechanism I 
Fig. 5a shows the out-of-plane deflection of the bridge actuator as a function of the force Fz acting in the center of 
the bridge at x = 1.5 mm. The dashed and dotted curves show the additional effect of a magnetic field Bx being either 
0.4 or 0.6 T that is switched on after out-of-plane deflection. In each case, the corresponding change of phase 
fraction of variant X1 (1-X1) is plotted in the lower part of Fig. 5a.  
Mechanical loading by Fz at zero magnetic field Bx causes a tensile stress in the bridge. Fig. 5b shows, for 
instance, the stress distribution inside the bridge in x-z-plane for Fz =1.2 mN at zero field. Except for the clamping 
area of the beam near x=0 and the area of mechanical load near x=1.5 mm, a homogeneous stress distribution is 
generated that results from the second term in Eq. 3. Once the stress exceeds the twinning stress of 1 MPa for Fz 
being about 0.1 mN, variant reorientation occurs from variant 1 to variants 2 and 3. Thus, the deflection angle 
increases and the tensile stress decreases until a new equilibrium position is reached, where the tensile stress is just 
below the twinning stress. Fig. 5a shows that full variant reorientation will result in a deflection of 0.53 mm. 
By applying a magnetic field Bx being strong enough to induce variant reorientation, the deflection is reduced. In 
case of complete reorientation (X1=1), the final deflection corresponds to the case of an elastic material with 
effective Young’s modulus of martensite. This change of deflection is associated with an increase of stress. For 
forces above 0.5 mN, the stress in the beam is partially above the blocking stress, thus, preventing full recovery of 
variant 1 by the magnetic field. This effect limits the stroke at larger forces. For a magnetic field Bx of 0.4 T a 
maximum stroke of about 10.5 % is found that cannot be increased significantly by increasing magnetic field or 
force.  
4.2 Mechanism II 
Fig. 6 shows the simulation results for actuation mechanism IIa. In Fig. 6a the absolute value of maximum 
displacement is plotted versus the magnetic field-induced pressure. The deflection saturates for a pressure of about 
400 Pa. The resulting stress in the bridge does not exceed the blocking stress of about 2.5 MPa. Thus, variant 1 
completely transforms into variants 2 and 3 with equal fractions (X2=X3=0.5). Fig 6c shows the stress distribution 
in the elongated sample. Except for the first two elements showing a large bending stress, a homogenous tensile 
stress of about 1 MPa occurs along z-direction due to uniform stretching of the bridge that results from the second 
term in Eq. 10. Fig. 6b shows the back transformation by a homogenous magnetic field Bx after switching off the 
magnetic field gradient. In this case, a magnetic field of 0.3 T is needed to fully recover variant 1 after maximum 
elongation. The remaining stress distribution after shape recovery is plotted in Fig. 6d. A rather low maximum stress 
of 0.07 MPa is found. If the elongation due to magnetic field-induced pressure has not lead to a full transformation, 
e.g. for 133 Pa, a correspondingly smaller field, e.g. of 0.25 T, is needed for MIR to completely restore the initial 
shape. The corresponding ratio of maximum actuation stroke s versus bridge length is about 17 %. 
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Fig. 6(a) Finite element simulation of the displacement in z-direction versus external magnetic field-induced pressure for a Ni-Mn-Ga film bridge 
actuator. (b) Simulated displacement in z-direction versus applied magnetic field in x-direction Bx. (c) Simulated stress distribution inside the film 
bridge in x-z plane after elongation by a field-induced pressure p of 444.4 Pa and (d) after shape recovery by MIR using the magnetic field Bx of 
0.3 T. 
(a)  
 
      
                                                                       (MPa) 
(b)                                                                      
Fig. 5(a) Finite element simulation of the displacement in z-direction and transformed phase fraction (1-X1) versus external force Fz for a Ni-
Mn-Ga film bridge actuator. (b) Simulated stress distribution inside the film bridge in x-z plane for Fz =1.2 mN and Bx = 0. 
B. Krevet, M. Kohl / Physics Procedia 10 (2010) 154–161 159
 Author name / Physics Procedia 00 (2010) 000–000  
In Fig. 7a the maximum deflection is plotted as function of the applied magnetic field in transverse direction By. 
MIR starts at a magnetic field of 0.15 T and completes at 0.25 T. In order to define the direction of motion in z-
direction, a small pressure of 2 Pa has been applied on the film surface. In contrast to mechanism IIa, the final state 
is a single variant state with variant fraction X3 = 1. The main part of the actuator shows a homogenous tensile 
stress distribution being below 0.5 MPa (Fig. 7c). In the presence of a magnetic field induced pressure on the upper 
actuator surface, the actuator is driven back to its original flat position. This is shown in Fig. 7b. A pressure of 660 
Pa is needed to drive the actuator back to z=0, where further deflection is inhibited by contact elements.  
Fig. 7d shows the residual stress distribution in the bridge actuator. Compared to mechanism IIa, a relatively high 
stress of 0.8 MPa remains and the initial single variant state is not fully recovered. This result shows that a 
homogenous pressure distribution on the sample surface is not transformed into a compression of the sample as 
effectively as a homogeneous magnetic field Bx. Nevertheless, reversible actuation occurs, when switching the 
magnetic field By on again after switching off the magnetic field-induced pressure. The corresponding ratio of 
maximum actuation stroke s versus bridge length is again about 17 %.  
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Fig. 7(a) Finite element simulation of the displacement in z-direction versus external magnetic field By. (b) Simulated displacement in z-direction 
versus magnetic field-induced pressure. (c) Simulated stress distribution inside the film bridge in x-z plane after elongation by MIR using the 
magnetic field Bx of 0.4 T and (d) residual stress distribution after applying a magnetic field-induced pressure of 666 Pa. 
5. Discussion 
The simulation results demonstrate that bridge actuators made of a Ni-Mn-Ga film are capable to generate a large 
stroke in out-of-plane direction of 17 % being considerably larger than the corresponding tensile strain of 6 %. The 
deformed bridge configurations are equilibrium states that remain after switching off the driving magnetic field or 
mechanical force. The required driving forces are rather low indicating that they are effectively transformed into 
film stress that exceeds the twinning stress resulting in complete MIR. 
The results also reveal the requirements on the magnetic system. In particular, the homogenous magnetic field 
required for MIR is 0.4 T for mechanism I and 0.3 T for IIa. For mechanism IIb, complete MIR is achieved already 
for 0.25 T. The gradient field must be in the order of 1T/mm to achieve a pressure of 500 Pa. Generally, the 
magnetic field source must be designed to prevent MIR into variant 2 with out-of-plane orientation of magnetic 
moment. However, this effect seems to less likely as the z-component of the magnetic field gradient required to 
induce MIR to variant 2 must exceed 0.8 T due to the demagnetization effect in thin films. The presented 
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simulations still have to be considered as idealistic and preliminary as the constraining effects of film fixation and 
loading on variant reorientation have been taken into account only approximately. In addition, real magnetic fields 
and stray-field effects need to be taken into account that penalize out-of-plane variant 2. Further refined modelling 
and experimental validation will be required to understand these effects and to make quantitative predictions on the 
actuation performance.  
6. Conclusions 
A one-dimensional model for the MSM effect is used for coupled finite element simulation of the actuation 
performance of a Ni-Mn-Ga film bridge actuator. Two novel actuation mechanisms are investigated that either make 
use of a mechanical force or a magnetic field to prestrain the actuator. The simulations predict the achievable 
maximum out-of-plane deflection with respect to the bridge length in the order of 17%. The corresponding 
requirements on magnetic fields and the configuration of field source are highlighted. In a practical design, control 
of mechanical force for prestraining the actuator is hard to implement. In this respect, mechanisms IIa and IIb appear 
to be more attractive for applications as they solely rely on different magnetic fields. In particular for mechanism 
IIb, the magnetic field needs to be applied in transverse direction of the film bridge that can be designed for a small 
gap between the magnetic poles without loss of actuation stroke. The capability of the bridge actuators using MIR to 
generate force for work production is quite limited. For applications, the large strain at rather low magnetic fields is 
of special interest. These features can be exploited, for instance, in switching devices for optical, electronic or 
fluidic applications. 
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